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Background  and  Need  for  this  Research:  The  Army,  other  branched  of  the  DoD  and 
other  sectors  all  require  development  of  increasingly  high-performance  electronic, 
optoelectronic  and  magnetic  materials  for  improved  data  acquisition,  analysis,  storage, 
communications  and  control.  The  conventional  preparative  techniques  for  many  metal 
oxide  or  metal  chalcogenide  materials,  however,  are  via  solid-state  reactions  at  high 
temperatures  (>  1000  °C)  -  manufacturing  conditions  that  increasingly  are  proving 
incompatible  with  integration  with  many  delicate  components  now  needed  for  these 
applications.  There  is  thus  increased  interest  in  the  development  of  novel  biologically 
inspired  and  “chimie  douce”  (soft  chemistry)  routes  to  electronic  materials  that  employ 
solution  phase  syntheses  at  low  to  moderate  temperatures  (e.g.,  Morse,  1999,  Trends  in 
Biotechnology  17:  230-232;  Figlarz,  1994,  Mater.  Sci.  Forum  55:  152-153). 


Highest  impact  results:  We  have  developed  a  unique  biologically  inspired  low- 
temperature  route  to  the  synthesis  of  barium  titanate  and  other  bimetallic  oxide  perovskite 
materials  with  advantages  over  previously  used  high-temperature  synthesis  methods.  The 
materials  produced  by  the  method  developed  in  this  research  exhibit  a  high  degree  of 
crystallinity,  low  polydispersity  (in  the  size  range  of  ca.  6  nm)  and  a  lack  of  phase- 
segregation  that  typically  results  from  conventional  high  temperature  synthesis  methods 
and  compromises  behavior  of  the  resultant  material. 

These  findings  are  reported  in  detail  in:  Brutchey,  R.L.,  E.  S.  Yoo,  and  D.  E. 
Morse.  2006.  Biocatalytic  synthesis  of  a  nanostructured  and  crystalline  bimetallic 
perovskite-like  barium  oxofluorotitanate  at  low  temperature.  J.  Amer.  Chem.  Soc.  128: 
10288-10294;  and  Brutchey,  R.L.  and  D.E.  Morse.  2006.  Template-free,  low-temperature 
synthesis  of  crystalline  barium  titanate  nanoparticles  under  bio-inspired  conditions. 
Angewandte  Chemie  Inti.  Ed.  45:  6564-6566. 

We  currently  are  collaborating  with  the  Army  Research  Laboratory  and  The 
Aerospace  Corporation  (El  Segundo,  CA)  in  an  effort  to  use  the  barium  titanate 
nanoparticles  made  by  this  new  synthesis  procedure  for  an  improvement  in  resolution  of 
uncooled  infrared  detectors.  We  are  collaborating  with  the  Anny's  CERDEC  and 
Quallion,  Inc.  (Sylmar,  CA)  to  take  advantage  of  the  strong  Positive  Thermal  Coefficient 
of  Resistance  (PTCR)  provided  by  the  barium  titanate  nanoparticles  made  by  this 
procedure  to  provide  a  self-quenching  coating  on  battery  electrodes,  thereby  making  Li- 
ion  batteries  fire-  and  explosion-proof.  We  also  are  collaborating  with  IBM,  one  of  the 
world's  leading  producers  of  information-storage  materials  and  systems,  to  explore  the 
potential  application  of  the  synthesis  method  we  developed  to  improve  the  manufacturing 
of  bimetallic  oxides  for  magnetic  information  storage. 


Our  approach:  The  objective  of  this  research  was  to  develop  a  novel  low-temperature 
route  to  the  structurally  controlled  nanofabrication  of  bimetallic-oxide  semiconductors, 
with  controlled  order,  stoichiometry  and  spacing  of  the  bimetallic  centers  on  the  atomic- 
and  nanoscale,  to  deliver  materials  with  never-before  observed  electronic  properties 
resulting  from  the  controlled  electronic  interactions  of  the  two  metal  centers.  Our 
approach  took  advantage  of  two  recent  developments:  (i)  a  new  biologically-inspired 
low-temperature  synthesis  method  we  recently  developed,  and  (ii)  the  synthesis  of 
defined  molecular  precursors  of  bimetallic  oxides,  thereby  extending  our  synthesis 
method  from  single  metal  oxide  materials  to  bimetallic  oxide  (and  sulfide-oxide) 
ferroelectric  and  optoelectronic  semiconductor  materials,  to  obtain  control  over  structure 
and  enhancement  of  properties  never  before  achievable.  We  are  pleased  to  report  success 
in  this  project,  with  the  resulting  materials  and  technology  transfer  described  offering  the 
Army  potential  advantages  for  uncooled  infrared  detectors  and  fire-  and  explosion-proof 
lithium  ion  batteries. 


We  employed  a  bilateral  approach  to  the  synthesis  of  crystalline  mixed  metal 
perovskite  ceramics  and  metal  chalcogenide  materials.  First,  we  used  the  mechanisms  we 


discovered  that  underlie  the  biological  synthesis  of  nanostructured  silica,  and  that  we 
found  can  be  harnessed  for  the  low-temperature  nanofabrication  of  a  wide  range  of 
semiconductors.  We  previously  demonstrated  that  the  structure-directing  enzyme 
silicatein  can  catalyze  the  hydrolysis  and  polycondensation  of  precursors  of  silica  and 
metal  oxide  semiconductors  (e.g.,  Ti02  and  Ga2C>3)  while  simultaneously  templating  the 
nanoscale  structure  of  the  resulting  material  (e.g.,  Sumerel  et  ah,  2003,  Chem.  Mater.  15: 
4804-4809;  Kisailus  et  ah,  2005.  Advanced  Materials  17:  314-318).  A  particularly 
useful  aspect  of  this  approach  is  the  inherently  benign  conditions  that  it  utilizes  (e.g., 
neutral  pH,  ambient  temperature  and  pressure,  and  the  absence  of  caustic  chemicals), 
matching  the  conditions  now  desired  by  the  electronics  industry. 

The  second  aspect  of  our  approach  was  motivated  by  the  fact  that  is  difficult  to 
form  single-phase  crystalline  materials  under  ambient  conditions  when  more  than  one 
metal  is  present  (e.g.,  to  form  bimetallic  oxides  such  as  BaTiC>3  or  metal  chalcogenides 
such  as  MxSy)  because  of  the  strong  potential  for  phase  segregation  of  the  two  metals, 
metal  oxides  or  metal  sulfides.  For  this  reason,  we  designed  and  synthesized  unique 
molecular  precursors  that  contain  multiple  heteroelements  in  one  discreet  molecular 
complex  (cf.  Figure  1).  The  establishment  of  M'-O-M2  or  M-S(Se)  linkages  with  fixed 
stioichiometry  and  atomic  geometry  in  the  molecular  precursor  has  been  shown  even 
under  high-temperature  synthesis  conditions  to  produce  a  higher 


Figure  1.  Idealized  structure  of  a 
barium  titanium  mixed  alkoxide. 
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abundance  of  M  -O-M  or  M-S(Se)  linkages  upon  conversion  to  the  bulk  material 
(Fujdala  and  Tilley, 2003,  J.  Catal.  216\  265.  We  have  now  confirmed  our  expectatation 
that  using  such  predesigned  bimetallic  precursors  in  conjunction  with  our  low- 
temperature  biologically  inspired  structure-directing  catalysts  thus  leads  to  even  better 
homogeneity,  and  that  the  distinct  spatial  arrangement  of  elements  in  the  molecular 
precursors  might  lead  to  unique  optical,  electronic,  and  magnetic  properties  upon 
conversion  to  a  material.  We  have  proved  that  this  approach  offers  molecular  control 
over  bulk  properties  of  the  target  materials. 

New  routes  to  ferroelectric  perovskites.  Low  temperature  solution  routes  to  perovskite 
ceramics,  such  as  BaTiCL,  had  previously  produced  only  amorphous  materials;  either  a 


hydrothermal  step  under  strongly  alkaline  conditions  or  a  high-temperature  annealing 
step  (>  600  °C)  is  typically  required  to  form  crystalline  BaTiC>3  (Lee  et  ah,  1997, 
Langmuir  13:  3866).  Using  the  methods  outlined  above,  we  have  successfully 
demonstrated  that  by  carefully  controlling  the  amount  of  water  added  to  an  alcoholic 
solution  of  a  barium  titanium  mixed  alkoxide  molecular  precursor,  nanocrystalline 
BaTiCL  can  be  synthesized  under  mild  conditions  (neutral  pH  and  <  50  °C;  see  eq.  1). 
The  crystallinity  of  the  resulting  BaTiCL  was  confirmed  by  powder  X-ray  diffraction, 
selected  area  electron  diffraction,  and  Raman  spectroscopy.  We  demonstrated  that  this 
method  is  highly  generic,  proving  useful  with  a  variety  of  mixed  metal  alkoxide 
molecular  precursors  and  a  number  of  biological  and  biomimetic  hydrolysis/condensation 
catalysts,  yielding  significantly  improved  nanostructural  control  of  the  resulting  material. 
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New  routes  to  metal  chalcogenides.  Metal  chalcogenide  materials  are  typically  made 
via  solid-state  syntheses  or  by  MOCVD  routes  that  require  high  temperature,  low 
pressures,  and  other  restrictive  conditions.  The  ability  to  synthesize  metal  chalcogenides 
via  soft  chemical  routes  is  an  attractive  goal;  however,  this  has  been  complicated  by  the 
chemistry  involved  in  the  hydrolysis/condensation  mechanism  of  sol-gel  processes  (i.e., 
toxic,  gaseous  H2S  would  be  required  as  a  hydrolysis  reagent  rather  than  H20). 

A  previously  reported  solution-phase  route  to  metal  chalcogenides  not  requiring 
H2S  utilizes  a  number  of  anionic  metal  sulfide  clusters  have  been  used  as  precursors  for 
MxSy  materials  under  acidic  aqueous  conditions.  For  example,  the  molecular  precursor 
[Me4N]4Ge4Sio  (Figure  2)  has  been  successfully  used  as  a  molecular  precursor  to 
crystalline  GeS2  (MacLachlan,  et  ah,  1998,  Angew. 

Chem.  Int.  Ed.  37:  2075).  Under  very  acidic  conditions, 
the  basic  thiolate  groups  on  the  precursor  protonate  and 
then  condense  to  form  a  Ge-S-Ge  network  material 
built  up  from  the  adamantane-like  subunits. 

We  also  explored  biocatalytic  routes  to  GeS2 
using  [Me4N]4Ge4Sio  with  the  small  molecule 
biomimetic  catalysts  we  recently  developed  (Roth  et  ah, 

2005,  JACS  127:325).  These  catalysts  permit  synthesis 
at  neutral  pH,  thus  allowing  us  to  avoid  the  acidic 
conditions  previously  used  by  others.  We  have  observed  Figure  2.  [Me4N]4Ge4S10  molecular 
that  the  materials  prepared  via  these  biocatalytic  routes  Precursor  with  adamantane-like  structure, 
possess  unique  particle  morphologies  and  potentially  useful  optical  properties  when 
compared  to  the  GeS2  prepared  with  hydrochloric  acid.  The  origin  of  these  unique 
properties  is  currently  under  investigation. 


(5)  “Technology  transfer” 

We  currently  are  collaborating  with  the  Army  Research  Laboratory  and  The  Aerospace 
Corporation  (El  Segundo,  CA)  in  an  effort  to  use  the  barium  titanate  nanoparticles  made 


by  this  new  synthesis  procedure  for  an  improvement  in  resolution  of  uncooled  infrared 
detectors.  We  are  collaborating  with  the  Army's  CERDEC  and  Quallion,  Inc.  (Sylmar, 
CA)  to  take  advantage  of  the  strong  Positive  Thermal  Coefficient  of  Resistance  (PTCR) 
provided  by  the  barium  titanate  nanoparticles  made  by  this  procedure  to  provide  a  self- 
quenching  coating  on  battery  electrodes,  thereby  making  Li-ion  batteries  fire-  and 
explosion-proof.  We  are  collaborating  with  IBM,  one  of  the  world's  leading  producers  of 
information-storage  materials  and  systems,  to  explore  the  potential  application  of  the 
synthesis  method  we  developed  to  improve  the  manufacturing  of  bimetallic  oxides  for 
magnetic  information  storage. 


